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Abstract The aim of this study was to obtain information on
the presence and levels of hazardous organic pollutants in
groundwater located close to solid waste landfills. Eighty-
two environmental contaminants, including 16 polycyclic ar-
omatic hydrocarbons (PAHs), 20 volatile organic compounds
(VOCs), 29 polychlorinated biphenyls (PCBs), 7 dioxins
(polychlorinated dibenzo-p-dioxins, PCDDs) and 10 furans
(polychlorinated dibenzofurans, PCDFs) were monitored in
areas characterised by different geological environments sur-
rounding three municipal solid waste landfills (Palermo,
Siculiana and Ragusa) in Sicily (Italy) in three sampling cam-
paigns. The total concentrations of the 16 PAHs were always
below the legal threshold. Overall, the Fl/Fl + Py diagnostic
ratio revealed that PAHs had a petrogenic origin. VOC levels,
except for two notable exceptions near Palermo landfill, were
always below the legal limit. As concerns PCB levels, several
samples were found positive with levels exceeding the legal
limits. It is worth noting that the % PCB distribution differs
from that of commercial compositions. In parallel, some sam-
ples of groundwater containing PCDDs and PCDFs exceeding
the legal threshold were also found. Among the 17 congeners
monitored, the most abundant were the highest molecular
weight ones.
Keywords Dioxins . PCBs . VOCs . PAHs . Groundwater .
Landfill . Environmental monitoring
Introduction
At present, landfill is the most employed system for waste
disposal around the world (Lou et al. 2009). Wastes produce
mainly gases and wastewater (Pierucci et al. 2005; Orecchio
et al. 2016). The latter, well known as leachate, is generated by
the interaction of water into the mass of waste during its bio-
logical degradation. Modern landfills are built with a low per-
meability barrier layer to contain leachate that is collected and
treated. Contrarily, the older ones do not have any waterproof-
ing liners at the bottom or, when present, they are often dam-
aged, with potential contamination of environmental matrices
and consequent damages to people and animal health
(Christensen et al. 2001). Leachate contains organic and inor-
ganic pollutants: ammonia, trace metals, humic and fulvic-like
substances and persistent organic pollutants (POPs) (Orecchio
et al. 2016; Christensen et al. 2001). In particular, hundreds of
single chemicals from different classes have been found in
landfill leachate, including pharmaceuticals, fluorinated sur-
factants, phthalates, personal care products, polybrominated
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diphenyl ethers, dioxins, furans and organotin compounds
(Masoner et al. 2014; Eggen et al. 2010; Öman and
Junestedt 2008; Pinel-Raffaitin et al. 2008). Leachate can
reach and pollute groundwater through a break on the water-
proof liner if the rock lying below the landfill is quite
permeable.
Groundwater contamination is a growing problem in
many areas near landfills. This leads to the reduction of
water for human consumption and productive purposes
(e.g., agricultural, industrial, farming etc). On the other
hand, no information are available regarding the compo-
sition of groundwater interested by waste disposal activ-
ities, commonly located near to towns, especially in the
Mediterranean areas.
Water pollutants include a group of toxic and carcinogenic
chemical compounds, such as polycyclic aromatic hydrocar-
bons (PAHs), volatile organic compounds (VOCs),
polychlorinated biphenyls (PCBs), polychlorinated dibenzo-
p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs). Due to their presence in all environmental matrices,
their resistance to biodegradation (especially in groundwater,
soils and sediments) and susceptibility to bioaccumulation and
carcinogenicity (IARC 1987), these compounds are of con-
cern for healthcare and of interest for the scientific communi-
ty. These worries are also legitimated by the difficult removal
of such pollutants. Some base and applied research in the field
are reported (Harwell et al. 1999; Mulligan et al. 2001; Paria
2008); in particular, bioremediation (Shao et al. 2015) and the
segregation capability of surfactants (Karaborni et al. 1994;
Bongiorno et al. 2016; Borra 2006) seem to be a promising
tool in this respect.
On the other hand, prevention and monitoring are still the
most important strategy to reduce or avoid groundwater con-
tamination. The aim of this study was thus to investigate the
actual effect of solid waste landfill on chemical quality of
groundwater through the analysis of the above organic pollut-
ants. In particular, areas surrounding three solid waste landfills
(Palermo, Ragusa and Siculiana) in Sicily (Italy) and
characterised by medium and high vulnerability were investi-
gated in order to evaluate the eventual contamination of
groundwater adjacent to landfills. The present work relies up-
on anthropogenic micro pollutant determination and does not
include the research of markers of organic matter
decomposition.
Experimental
Study areas
The three studied areas belong to different geological and
hydrogeological regions in Sicily (South Italy); a short de-
scription of each area is presented in Table 1.
Bellolampo area (Palermo)
The Bellolampo area (Fig. 1) is located in the north-west part
of the Monti di Palermo (Palermo, Sicily), which are a seg-
ment of the Maghrebid Apennine Chain and are the result of
the superposition of different tectonic units derived from
Miocene deformation of calcareous dolomitic deposits
(Panormide carbonate platform), of calcareous dolomitic and
Table 1 Hydrogeological characteristics of the studied areas
Hydrogeologic basin Aquifer Hydrogeological description Type of aquifer Intrinsic vulnerability/land use
Palermo Mountains Belmonte-P.zo Mirabella Mesozoic carbonate, fractured
and Karst,
Unconfined and confined Very high/mixed
Mt. Castellaccio
Mt. Cuccio-Mt. Gibilmesi unconfined and confined by
Mt. Kumeta Oligo-miocene clays
(Flysch Numidico)Mt. Mirto
P.zo Vuturo-Mt. Pellegrino
Iblei Mountains Lentinese Miocene-Pleistocene volcanic
Siracusano nord-orientale Mesozoic carbonate, fractured
and Karst,
Unconfined and confined High/mixed
Ragusano unconfined and confined
by Tortonian and Pliocene clays
Vittoria Plain Plio-pleistocenic alluvial coastal Multi-layered High/intensive agricolture,
Augusta-Priolo Plain petrolchemical industry
Caltanissetta basin Siculiana Clays Unconfined and confined Medium-high/mixed
Evaporitic limestone and gypsum
Pliocenic and tortonian clays
In italic the monitored aquifers
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calcareous siliceous clastic terrains (Imerese Basin). The area
of the waste landfill lies in the north-eastern of Pizzo Vuturo-
Monte Pellegrino hydrostructure (Contino et al. 1998, 2003),
constituted by dolomitic limestones with high fracture perme-
ability and karst. For this reason, this hydrostructure is
characterised almost by the absence of springs and by two
main groundwater flow directions: one toward the sea at
north, the other toward north-east, feeding the Palermo Plain
calcarenitic aquifer. The vulnerability of this area is very high,
due to the infiltration mode (directly in karst conduits) and the
high speed of the groundwater flow.
Siculiana area (Agrigento)
The waste landfill of Contrada Materano (Siculiana,
Sicily) is part of the Basin of Caltanissetta, consisting
mainly of clay, conglomerate and sandstone sequences
named BGela Nappe^ (Fig. 2). The tectonic units of the
Fig. 1 Geological map of the
Palermo mountains area.
1 = debris; 2 = alluvial deposits;
3 = Calcarenites; 4 = marly
limestones; 5 = Numidian Flysch;
6 = limestone; red area = waste
landfill area; red dots = water
sampling points
Fig. 2 Geological map of the
Siculiana area. a = alluvial
deposits; df = debris; tm = marine
terraces; QSG = sands with
gypsum levels (Montallegro
Formation); Pi = Trubi;
Ma2a = sand-gypsum;
Mg = gypsum; Mc = limestones
(BCalcare di base^); Md = Tripoli;
Maa = Terravecchia Formation
Clays; red area = waste landfill
area; red dots = water sampling
points
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Gela Nappe consist of sequences of flysch type
(Numidian Flysch) aged upper Oligocene-Miocene.
These sequences are overthrusted by clayey successions
(Sicilide units) of Cretaceous-Paleogene, followed by an
unconformity by Tortonian conglomerate-sandy-clayey
successions (Terravecchia Formation), Messinian evapo-
rites and lower Pliocene carbonate-marly pelagic succes-
sions (Trubi).
Plio-pleistocenic clayey-sandy-calcarenitic successions un-
conformably overlain the Gela Nappe.
The waste landfill site is located on the clay of
Terravecchia Formation. The sandy-conglomerate part of
Terravecchia Formation and evaporite deposits have
hydrogeological interest and are characterized by high
permeability and vulnerability. The main groundwater
flow direction is north-north west-south-south east.
Cava dei Modicani area (Ragusa)
The Cava dei Modicani waste landfill (Fig. 3) is located
in the north-western area of the Iblei Mountains carbonate
platform (Ragusa, Sicily) on the limestones and marl-
stones of the lower and median portion of the Irminio
Member, belonging to the Ragusa Formation (upper
Oligocene-Langhian). Groundwater flows in the Ragusa
carbonate formation, where a first aquifer is partially con-
fined in calcarenitic series of the Irminio Member, with an
average depth between 100 and 150 m. This aquifer is
followed, separated by a variable thickness of marly-clay
terms, by a deeper and more productive confined aquifer
in the marlstone series of the Leonardo Member of the
Ragusa Formation. The permeability (from median to
high) is due to fracturing and karst. For this reason, the
area presents a high degree of vulnerability. The main
groundwater flow direction is NNW-SSE.
Sampling
In this study, 30 sampling stations distributed in areas close to
each investigated landfill were selected on the basis of geo-
logical and hydrogeological criteria. The main characteristics
of the sampling stations are summarized in Supplemental
Information (Table 1SI).
Groundwater samples were collected in three sampling
campaigns (1st = summer 2014, 2nd = autumn 2014,
3rd = spring 2015) during 2014 and 2015, at 3 months inter-
vals, covering different seasons. Samples were collected from
wells without water lifting device using a teflon Bailer type
sampler. Spring samples were collected using sampling bottles
without a further sampling device.
In the field, the chemical-physical parameters (pH, temper-
ature, electrical conductivity and redox potential) have been
acquired through a portable instrumentation. For each station,
groundwater was collected using 1-L glass bottles for IPA,
PCB, PCDD and PCDDF analysis, while 40-mL vials were
used for VOC determination. The bottles were preventively
cleaned with alkaline surfactant solutions and rinsed (in the
following order) with tap water, distilled water and dichloro-
methane. The amber glass bottles were completely filled up to
prevent air inclusion. Samples were stored at 4 °C until
extraction.
For VOC analysis, HCl 6 M was added in amber 40-mL
vials, in order to bring the solution’s pH down to 2. Vials were
then immediately plugged with PTFE/Silicone septa and pre-
served at 4 °C until analysis that was completed within
2 weeks. All the sampling procedures followed the guidance
of EPA 441/2000 and APAT (IRSA-CNR 29/2003) protocols.
Fig. 3 Geological map of the
Ragusa area. 1 = debris;
2A = alluvial deposits;
2B = lacustrine deposits;
3 = Calcarenites; 4 = marly
limestones; red area = waste
landfill area; red dots = water
sampling points
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In some cases, it was not possible to collect all the planned
samples, mostly because the sampling station was dry. In the
case of RG3 station, in the third campaign, an excessive water
output prevented the sampling of the station.
Analyte determination
Eighty-two environmental contaminants (Tables 2SI–5SI), in-
cluding 16 polycyclic aromatic hydrocarbons (PAHs), 20 vol-
atile organic compounds (VOCs), 29 polychlorinated biphe-
nyls (PCBs), 7 dioxins (PCDDs) and 10 furans (PCDFs) were
monitored in groundwater potentially polluted by the three
solid waste landfills.
The determination of such pollutants, especially when at
trace concentrations, required sample manipulation and use of
reliable techniques that are both sensitive and selective, as gas
chromatography (GC) or liquid chromatography (LC)
coupled to mass spectrometry (MS). This latter is a technique
that provides both quantitative and qualitative information on
several analytes after their ionization and is fairly applied in
numerous scientific fields (Vogeser et al. 2007; Bongiorno
et al. 2014; Nicosia et al. 2014). Determination of the analytes
has been thus carried out according to the following MS-
related US EPA methods: 3510 C (PAHs); 1668C (PCBs);
1613 (PCDDs and PCDFs); 5035A (VOCs). The description
of analyte extraction and determination is detailed in supple-
mental information.
Chemicals, materials and methods
All the solvents were of HPLC grade. Anhydrous sodium
sulphate (ACS reagent grade) and Alumina were purchased
from Sigma-Aldrich (Germany). The alumina was activated
by heating at 130 °C for 12 h. For dioxin and furan analyses,
the water samples were filtered over Whatman filters
(Whatman™ 1822-047 Grade GF/C; 1.2 μm pore diameter).
For PAH analysis, the internal and surrogate standards
were perdeuterated compounds (Supelco, Milan), and the
standard solution, containing each analysed compound at a
concentration of 200 mg L−1, was the standard PAH mixture
(Ultra Scientific Inc., Italy).
Extraction, clean-up, labelled and syringe standards of
PCBs and PCDDs and PCDFs were purchased from
Cambrige Isoptope Laboratory (Tewksbury Massachussetts).
The VOC standards in methanol for HPLC were from Dr.
Ehrenstorfer (Germany) and later diluted in HPLC water.
Quality assurance/quality control (QA/QC)
All the vessels and flasks were cleaned before use by rinsing
three times with hot HNO3 (1%) and three times with water
purified by Milli Q System. To evaluate the precision of each
analysis, three replicates of the same sample were analysed for
all compounds. The relative standard deviations of the repli-
cates are in the range 5–15% which can be considered satis-
factory for determinations at low concentration (ppb or sub
ppb level).
To assess the reliability of the analytical procedures, several
labelled standards were employed. For PAH analysis, accord-
ing to US EPA Method 3510 C, the mean recoveries of surro-
gate standards ranged from 80 to 106%. For PCBs, PCDDs
and PCDFs, the recoveries were determined according to their
relative US EPA Methods. The average recovery rates were
89 ± 8, 60 ± 10 and 60 ± 10%, for PCBs, PCDDs and PCDFs,
respectively. The recoveries determined for VOCs, according
to US EPA Method 5035A, were variable depending on the
analyte and ranged from 84 to 90%.
Procedural blanks were analysed. The minimum detection
limit (MDL) and the limits of quantification (LOQ) for all
analysed compounds were determined as three times and ten
times the noise level of the chromatogram in blank samples,
respectively (IUPAC Criterion). ND (not detected) indicates a
sample concentration below the LOQ.
Results and discussion
PAHs
PAHs include aromatic molecules containing fused aromatic
rings and, because of their hydrophobic nature, they tend to
become associated with particulates. Some PAHs, bio-
accumulating in aquatic organisms, may induce the develop-
ment of cancer in numerous organisms and adversely affect
reproduction in other aquatic species (Al-Yakoob Saeed and
Al-Hashash 1994). Accordingly, some PAHs have been in-
cluded within the list of priority pollutants (EU Water
Framework Directive 2000/60/EC) due to their genotoxicity
and mutagenicity properties.
Total PAH concentrations in groundwater varied both
among landfills in the same campaign and within landfills in
different campaigns (Fig. 4).
The total concentrations of the 16 investigated compounds
(∑PAH16), expressed as the sum of the individual concentra-
tions, resulted quite comparable and ranged from
1.0 × 10−2 μg L−1 (MDL) to 7.0 × 10−2 μg L−1, from
5.0 × 10−3 μg L−1 to 6.6 × 10−2 μg L−1 and from
3.0 × 10−3 μg L−1 to 5.2 × 10−2 μg L−1 at Palermo,
Siculiana and Ragusa landfills, respectively (Fig. 4). In the
first campaign, in the Palermo landfill, ∑PAH16 concentra-
tions were higher in the PA1 and PA2 stations (average
6.5 × 10−2 μg L−1) than in all the other sampling stations
(average 1.7 × 10−2 μg L−1), while lower and similar concen-
trations were measured in all stations in second and spring
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third campaigns (average 8.0 × 10−3 μg L−1 and
5.0 × 10−3 μg L−1, respectively). In the Siculiana landfill, in
all sampling stations, during summer and autumn 2014, higher
∑PAH16 concentrations were generally measured (average
4.5 × 10−2 μg L−1 and 5.5 × 10−2 μg L−1, respectively) than
in spring 2015 (average 7.0 × 10−3 μg L−1). In the Ragusa
landfill, ∑PAH16 concentrations showed a similar pattern be-
tween stations and periods to that of Palermo landfill: specifi-
cally, ∑PAH16 concentration was higher in all stations in sum-
mer 2014 (average 3.2 × 10−2 μg L−1) than in autumn 2014 and
spring 2015 (average 8.0 × 10−2 μg L−1 and 5.0 × 10−3 μg L−1,
respectively). This seasonal variability could be due to the typ-
ical Mediterranean climate where rainy weather is mainly in
autumn-winter and dry period in summer. The effect of rain in
groundwater is an increase of amount of water, which causes a
dilution of pollutant concentration in spring (the opposite effect
in summer). It must be also considered that some studies evi-
dence that PAHs are strongly retained by soil even in vulnerable
karst aquifers (Schwarz et al. 2011).
Generally, in terms of individual PAH composition, light
compounds (2–3 rings) appeared dominant in samples from
all the three landfills, accounting for 80 ± 21, 58 ± 30 and
77 ± 25% of ∑PAH16 concentrations at Palermo, Siculiana
and Ragusa, respectively. Moreover, 4-ring compounds were
the second more abundant fraction, while the most hydropho-
bic PAHs (5–6 rings) were rarely detected. An exception was
the groundwater sampled in the station RG1 during autumn at
Ragusa, where low, but detectable, concentrations of 5–6 ring
PAH compounds were recorded. Therefore, the most abun-
dant compounds in the investigated groundwater were naph-
thalene, phenanthrene and pyrene.
The ratio values of individual PAH are often employed as
diagnostic tools to identify the origin of these compounds in
environmental matrices (Budzinski et al. 1997). A
Fluoranthene/fluoranthene + pirene (Fl/(Fl + Py)) ratio < 0.4
is generally characteristic of petrogenic sources (oil, diesel and
coal), when between 0.4 and 0.5, it indicates liquid fossil fuel
(crude oil and vehicle fuels) combustion, while a ratio over 0.5
is generally found in kerosene, grass, coal and wood combus-
tion samples and creosote (Yunker et al. 2002).
Considering all the campaigns, Fl/(Fl + Py) mean ratio
ranged from 0.12 to 0.53. In agreement with the values report-
ed in the literature (Budzinski et al. 1997), PAHs in the inves-
tigated landfills can be considered of petrogenic, natural origin
Fig. 4 ∑PAH16 (μg L−1) in the
areas adjacent the three landfills
in the different campaigns
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with few exceptions (ratio between 0.4 and 0.5 in PA8, SI1,
SI4 and SI5 in summer and in SI6 in spring; ratio equals to
0.504 in RG2 in summer). Considering the very low concen-
tration of benzo[a]anthracene, chrysene, indeno[1,2,3-
cd]pyrene and benzo[ghi]perylene, other isomeric ratios result
inaccurate.
As aforesaid, the Water Framework Directive (Directive
2000/60/EC) identifies several PAHs as priorities or hazard-
ous priority pollutants. For these compounds, two types of
Environmental Quality Standards (EQSs) are established,
with some differences for groundwater and surface ones: (i)
the annual average concentration (AAC) of the compound
over 1-year period and (ii) the maximum allowable concen-
tration (MAC) of the compound measured in established
points. In our case, none of the PAHs of interest exceeded
the above limits in samples from all the three landfills, with
the except ion of s ta t ion RG1 in autumn, where
∑(indeno[1,2,3-cd]pyrene + benzo[ghi]perylene) concentra-
tion was equal to the limit required by the WFD.
VOCs
VOCs constitute another important class of pollutants of
current interest that can be transported to areas very far
from their emission sources, thereby increasing their risky
potential. Like other airborne pollutants, VOCs can in-
deed affect human health at concentrations above thresh-
olds and the exposure to some VOCs has also been linked
to cancer risks (Guo et al. 2004). VOCs are not often
found in surface waters because of their high volatility,
but they are the most common contaminants found in
groundwater (Pecoraino et al. 2008). The acute toxicity
of several volatile compounds has been well ascertained,
as well as their distribution among the organs (Argo et al.
2010). However, the health risks associated with volatile
compounds detected in environmental matrices from land-
fill and other common activities have not yet been
assessed, even if in some cases a relationship between
exposure to volatile anaesthetics and plasma and urine
levels have been ascertained (Indelicato et al. 2014).
During the processing of solid waste in landfills, VOCs
are also generated as intermediate or end products (Sironi
et al. 2007) and for this reason were traced in our moni-
toring campaigns.
Results of total and single VOC concentrations in ground-
water sampled in the three landfill areas are reported in
Tables 2, 3, 4.
The total concentrations of the 20 investigated VOCs are
expressed as the sum of the single concentrations (∑VOC20).
In the analysed groundwater samples ranged from
4.0 × 10−3 μg L−1 to 1.045 μg L−1, from 1.0 × 10−2 μg L−1
to 3.6 × 10−2 μg L−1 and from 1.0 × 10−3 μg L−1 to
8.1 × 10−2 μg L−1 in Palermo, Agrigento and Ragusa landfills,
respectively. Notably, during the autumnal campaign, in PA5
sampling station, chloroform was detected above
(0.25 μg L−1) the legal limit, which is 0.15 μg L−1(Italian
Legislative Decree 16 March 2009, n. 30; Ministerial Decree
8 November 2010 n. 260). In the spring campaign, elevated
chloroform concentrations (0.63 and 0.96 μg L−1) were found
in two stations (PA5 and PA7), and also this time, above the
legal limits. These findings are in good agreement with previ-
ous results (historical data of environmental monitoring col-
lected from 2004 to 2013 by Qualified Laboratories and
Agencies) that confirm the presence of chloroform (above
0.15 μg L−1) in both stations since January 2011 (Mannino
et al. in preparation).
In order to identify the sources of VOCs in the investigated
groundwater samples, in a study (Orecchio et al. 2017), VOCs
Table 2 Total and single VOC concentration (μg L−1) in the area adjacent to the Bellolampo (Palermo) landfill
Bellolampo (Palermo)
2nd campaign AUTUMN 2014 (μg L−1) 3rd campaign SPRING 2015 (μg L−1)
Trichloroethylene Tetrachloroethylene Chloroform Toluene Trichloroethylene Tetrachloroethylene Chloroform Trans 1,2-
dichloroethylene
PA1 ND ND ND ND ND ND ND 6.0 × 10−3
PA2 ND 3.0 × 10−3 ND 4.0 × 10−2 ND ND ND 8.0 × 10−3
PA3 ND 4.0 × 10−3 ND 9.0 × 10−3 ND 8.0 × 10−3 ND ND
PA4 ND 5.5 × 10−2 ND 2.2 × 10−2 ND 1.1 × 10−1 ND 5.0 × 10−2
PA5 1.7 × 10−2 1.6 × 10−1 2.5 × 10−1 1.1 × 10−2 2.1 × 10−2 1.2 × 10−1 6.3 × 10−1 ND
PA6 ND 4.0 × 10−3 ND 1.1 × 10−2 * * * *
PA7 * * * * 1.9 × 10−2 7.0 × 10−2 9.5 × 10−1 ND
PA8 1.0 × 10−2 2.8 × 10−2 ND 7.0 × 10−3 1.8 × 10−2 5.8 × 10−2 ND ND
PA9 * * * * ND ND ND ND
ND not detected indicates a sample concentration below the LOQ
Environ Sci Pollut Res
Author's personal copy
were determined directly in the air near by the landfills and the
leachate spillage points. None of the VOCs in groundwater
was present in the gas phase. For a long time, chloroform has
been considered only of anthropogenic origin, but, more re-
cently, its presence in coniferous forest soil and groundwater
has been demonstrated (Albers et al. 2008). Some authors
(Hoekstra et al. 1998a) claimed that the detection of chloro-
form in groundwater, in absence of other anthropogenic con-
taminants, suggests that this carcinogenic compound may be
formed naturally by biogeochemical processes. Several re-
searches have suggested that enzymes (chloroperoxidase) pro-
duced by fungi could participate in biosynthesis of chlorinated
organic compounds in soil (Hoekstra et al. 1998b). The cur-
rent hypothesis is that enzymes explicate a chlorinating activ-
ity by forming HOCl or other oxidized chlorine species
(Hoekstra et al. 1998a). Other authors (Huber et al. 2009) have
demonstrated that chloroform can also be formed abiotically,
when organic matter is incubated with oxidants (Cl2, Fe
3+,
H2O2). Considering that the chloroform in groundwater of
Siculiana and Ragusa is present only in trace amounts, and
that in the mass of solid urban waste, there are no oxidizing
conditions, the presence of CHCl3, into Palermo groundwater,
may be attributed to anthropogenic sources. In a previous
paper (Pecoraino et al. 2008), CHCl3 was found in all the
vulnerable Sicilian aquifers. In particular, concentrations
higher than the legal limits were found in wells located close
to petrochemical industries, intensive agriculture areas and
wastewater.
Among chlorinate aliphatic compounds, tetrachloroethyl-
ene was the most frequent and widespread pollutant found in
Table 4 Total and single VOC concentration (μg L−1) in the area adjacent to the Siculiana (Agrigento) landfill
Siculiana (Agrigento)
3rd campaign SPRING 2015 (μg L1)
1,2-dichloroethane Trichloroethylene Chloroform Bromodichloro-methane Dibromodichloro-methane
SI1 4.0 × 10−3 ND ND ND ND
SI2 * * * * *
SI3 4.0 × 10−3 ND ND ND ND
SI4 ND 4.0 × 10−3 2.1 × 10−2 ND 1.5 × 10−2
SI5 ND ND ND 1.6 × 10−2 ND
SI6 ND ND 1.0 × 10−2 ND ND
SI7 ND ND ND ND ND
SI8 ND ND ND ND ND
SI9 * * * * *
SI10 ND ND ND ND ND
ND not detected indicates a sample concentration below the LOQ
Table 3 Total and single VOC concentration (μg L−1) in the area adjacent to the Cava dei Modicani (Ragusa) landfill
Cava dei Modicani (Ragusa)
2nd campaign AUTUMN 2014 (μg L−1) 3rd campaign SPRING 2015 (μg L−1)
Tetrachloroethylene Toluene Ethylbenzene p- xilene Trichloroethylene Tetrachloroethylene Chloroform Trans
1,2-dichloroethylene
RG1 1.1 × 10−2 6.0 × 10−3 6.2 × 10−3 2.0 × 10−3 ND 1.1 × 10−3 ND ND
RG2 6.0 × 10−3 6.0 × 10−3 6.0 × 10−3 1.1 × 10−3 ND 1.0 × 10−2 ND ND
RG3 6.0 × 10−3 5.4 × 10−3 6.0 × 10−3 2.0 × 10−3 * * * *
RG4 7.5 × 10−2 3.0 × 10−3 6.0 × 10−3 1.0 × 10−3 7.4 × 10−3 7.2 × 10−2 ND ND
RG5 1.1 × 10−2 8.1 × 10−3 6.3 × 10−3 1.8 × 10−3 ND 1.0 × 10−2 ND 2.1 × 10−3
RG6 8.0 × 10−3 7.0 × 10−3 6.0 × 10−3 2.0 × 10−3 ND 8.1 × 10−3 ND 2.0 × 10−3
RG7 6.0 × 10−3 7.0 × 10−3 6.0 × 10−3 1.6 × 10−3 ND 6.9 × 10−3 2.7 × 10−2 1.9 × 10−3
RG8 7.0 × 10−3 4.0 × 10−3 6.2 × 10−3 1.6 × 10−3 ND 7.0 × 10−3 ND 3.0 × 10−3
RG9 ND 4.0 × 10−3 6.0 × 10−3 2.2 × 10−3 ND ND ND ND
RG10 5.0 × 10−3 1.0 × 10−2 5.8 × 10−3 2.1 × 10−3 * * * *
ND not detected indicates a sample concentration below the LOQ
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Palermo and Ragusa groundwater (60 and 94%, respectively,
of the sampled waters), while it was not found in Siculiana
samples. Tetrachloroethylene is a volatile, non-flammable and
colourless liquid. It is one of the most important solvent
worldwide and widely used by dry cleaning facilities, and its
origin is exclusively anthropogenic. For this latter reason, it
has been chosen as a tracer in urbanised karst aquifers (Mahler
and Massei 2007). On the other hand, levels recorded during
our sampling campaign show no correlation between ground
water fluxes originating nearby landflills and pollutant levels.
On the basis of the observations reported for other VOC
pollution cases (Spayd 1985), the landfills could be hardly
considered sources for such pollutants.
Looking at Table 3 and at Fig. 1, a clear relationship be-
tween chloroform and tetrachloroethylene cannot be
ascertained even for PA5 and PA7 sampling stations; indeed,
levels of these two contaminants were not well correlated as
reported elsewhere (Minsley 1983; Giger and Molnar-Kubica
1978) and a more detailed investigation on the high chloro-
form concentration documented for these stations falls outside
the scope of the present publication. LowVOC levels found in
Siculiana stations could be related to the clayish/alluvial na-
ture of the soil. This impermeable matrix could make a deep
penetration of the water containing these volatile pollutants
difficult, indirectly favouring their evaporation.
PCBs
PCBs, commercially produced as complex mixtures since
1929 for many industrial applications, represent a class of
organic pollutants of high environmental impact. They have
been used in capacitors and transformers, in pigments, as cool-
ants, plasticisers and lubricants.
These pollutants include 209 congeners (persistent organic
compounds), having 1–10 chlorine atoms bound to a biphenyl
molecule with different biological activity and toxicity
(Tanabe et al. 1987). They cause in animals and people met-
abolic disorders, disturbances to the action of the endocrine
system and are suspected to be carcinogenic (Safe 1984).
PCBs enter aquatic systems by atmospheric deposition,
direct and indirect discharges, and river inputs. Landfills,
open burning of materials containing PCBs, waste incin-
eration and fires are the current main sources of PCB
pollution in the environment (Pandelova et al. 2006).
These synthetic organic compounds are very persistent
(Hutzinger et al. 1974; Kimbrough et al. 2010). Indeed,
although PCBs have been banned in most countries about
45 years ago, they are still ubiquitous. The monitoring of
PCBs in the Mediterranean area has begun in 1970 and
has been mainly focused on sediments and marine biota
(Moret et al. 2005), while only few data are available for
groundwater.
Our monitoring results on PCBs total concentrations (∑29
PCBs) were calculated as the sum of 29 congeners
(Table 4SI). The∑29 PCBs concentrations varied considerably
both among the three landfills in the same campaign and with-
in the same landfill in different campaigns.
In the area adjacent to the Palermo landfill (Table 5),
during the first monitoring campaign, in just two stations,
PA6 and PA7 PCBs were found. In PA6 station, individual
PCB ranged from 1.0 × 10−5 μg L−1 to 4.6 × 10−3 μg L−1
and the ∑29 PCBs was 9.2 × 10−3 μg L−1. In PA7 station,
only PCB 180 non-dioxin like was found. In the second
monitoring campaign, in all the monitored stations, except
PA1, PCBs were detected. Only for PA8 station, the ∑29
PCBs exceeded the legal limit of 1 × 10−2 μg L−1 (Italian
Legislative Decree 16 March 2009 n. 30; Ministerial Decree
8 November 2010 n. 260). In the third campaign, the only
sample that overcomes the legal limit is that arising from
PA9 (monitored only in third campaign).
Relative abundances of individual PCBs in most of the
investigated sampling stations were fairly similar. In
Table 5 The ∑29 PCBs
concentrations in Bellolampo
(Palermo) stations in the
monitoring campaigns
Bellolampo (Palermo)
1st campaign SUMMER 2014 2nd campaign AUTUMN 2014 3rd campaign SPRING 2015
∑ 29 PCBs (μg L1) ∑ 29 PCBs (μg L1) ∑ 29 PCBs (μg L1)
PA1 ND * 3.9 × 10−4
PA2 ND 2.9 × 10−3 8.5 × 10−4
PA3 ND 1.9 × 10−3 2.3 × 10−3
PA4 ND 1.1 × 10−3 ND
PA5 ND 6.5 × 10−3 1.4 × 10−4
PA6 9.2 × 10−3 7.3 × 10−3 ND
PA7 2.5 × 10−3 * ND
PA8 ND 1.3 × 10−2 8.4 × 10−3
PA9 * * 1.2 × 10−2
ND not detected indicates a sample concentration below the LOQ
*Indicates a sample not monitored
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particular, in the second campaign, PCB128 and PCB151
(hexachlorobiphenyls) were dominant in PA2, PA3 and PA4
stations, while heptachlorobiphenyls (PCB180 non-dioxin
like) were the compounds present in higher percentage in
stations PA5, PA6 and PA7.
In the area adjacent the Siculiana landfill (Table 6), in the
first monitoring campaign, all the samples (excepted SI3)
showed ∑29 PCBs close to or above the legal limit
(1 × 10−2 μg L−1). In the second monitoring campaign, ∑29
PCBs ranged from 9 × 10−4 μg L−1 to 1.46 × 10−2 μg L−1.
Also for this campaign, SI3 and SI7 stations showed ∑29
PCBs higher than the legal limits. In the last campaign, ∑29
PCBs varied from 5 × 10−5 μg L−1 (SI6) to 2.6 × 10−2 μg L−1
(SI3). Three stations (SI3, SI4 and SI10) were found not com-
plying with PCB legal limits.
In the Ragusa landfill area (Table 7) in the first monitoring
campaign, ∑29 PCBs ranged from 2 × 10−3 μg L−1 to
6.2 × 10−2 μg L−1. ∑29 PCBs exceeded the legal limit for
RG2, RG4, RG7, RG8, RG10. In the second campaign, the
detectable concentration of ∑29 PCBs ranged from
5 × 10−5 μg L−1 to 6.6 × 10−2 μg L−1. Even in this sampling
campaign, the legal limit was substantially exceeded for sev-
eral stations (RG1, RG2, RG4, RG7, RG9, RG10). In the third
monitoring campaign, the legal limit was never exceed being
the maximum ∑29PCBs concentration 9 × 10−3 μg L−1. All
analysed Ragusa groundwater samples, during the first and
second campaigns, showed elevated proportions of PCB123
and PCB183.
In this study, special attention was accorded to a
group of the seven PCBs (28, 52, 101, 118, 138, 153
and 180) and to another one comprising the 12 dioxin-
like PCBs (77, 81, 105, 114, 118, 123, 126, 156, 157,
167, 169 and 189). The former, identified by the
International Council for the Exploration of the Seas
(ICES PCBs) as markers of the degree of contamina-
tion, contains among the most frequently detected con-
geners in the environment. The dioxin-like PCBs are
highly toxic to humans and persist in the environment
(Kimbrough et al. 2010). The average concentrations of
∑ ICES PCBs were 2.2 × 10−3, 6.7 × 10−3, and
1.5 × 10−2 μg L−1 in the Palermo, Siculiana and
Ragusa landfills, respectively. These concentrations rep-
resent the 64, 67 and 22% of the total PCB content.
The percentage PCB distributions (mean of all the sam-
plings of the same area) did not show similarity with those
Table 6 The∑29 PCBs concentrations in Siculiana (Agrigento) stations
in the monitoring campaigns
Siculiana (Agrigento)
SUMMER 2014 AUTUMN 2014 SPRING 2015
∑ 29 PCBs (μg L−1) ∑ 29 PCBs (μg L−1) ∑ 29 PCBs (μg L−1)
SI1 1.0 × 10−2 6.0 × 10−3 7.0 × 10−3
SI2 1.0 × 10−2 * *
SI3 ND 1.5 × 10−2 2.6 × 10−2
SI4 1.0 × 10−2 * 1.5 × 10−2
SI5 1.1 × 10−2 2.4 × 10−3 9 × 10−5
SI6 1.8 × 10−2 3.6 × 10−3 5 × 10−5
SI7 1.2 × 10−2 1.2 × 10−2 ND
SI8 7.9 × 10−3 9.0 × 10−4 9.0 × 10−3
SI9 4.5 × 10−2 * *
SI10 6.5 × 10−2 9.0 × 10−4 1.4 × 10−2
ND not detected indicates a sample concentration below the LOQ
*Indicates a sample not monitored
Table 7 The ∑29 PCBs
concentrations in Cava dei
Modicani (Ragusa) stations in the
monitoring campaigns
Cava dei Modicani (Ragusa)
1st campaign SUMMER 2014 2nd campaign AUTUMN 2014 3rd campaign SPRING 2015
∑ 29 PCBs (μg L−1) ∑ 29 PCBs (μg L−1) ∑ 29 PCBs (μg L−1)
RG1 6.0 × 10−3 4.0 × 10−2 2.8 × 10−3
RG2 2.0 × 10−2 2.0 × 10−2 3.9 × 10−3
RG3 2.0 × 10−3 7.0 × 10−3 *
RG4 1.9 × 10−2 6.6 × 10−2 7.2 × 10−3
RG5 30 × 10−3 3.0 × 10−3 3.6 × 10−4
RG 6 4.0 × 10−3 5 × 10−5 8.8 × 10−3
RG7 6.2 × 10−2 2.4 × 10−2 ND
RG8 1.3 × 10−2 ND 2.5 × 10−4
RG9 6.0 × 10−3 1.4 × 10−2 6.0 × 10−5
RG10 2.9 × 10−2 1.0 × 10−2 *
ND not detected indicates a sample concentration below the LOQ
*Indicates a sample not monitored
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of commercial mixtures (Aroclor 1016, 1242, 1248,1254,
1260, etc.). However, taking into account the eventual occur-
rence of PCB dechlorination processes (Rodenburg et al.
2010), groundwater contamination from the above indicated
as PCB commercial mixtures cannot be excluded.
Further, in agreement with the literature (Ruiz-
Fernández et al. 2012), PCB 153, measured at detectable
concentrations only in Ragusa landfill in the autumn 2014
campaign, can be also originated by pyrolysis processes
such as coal, wood, waste and peat combustion.
PCDDs and PCDFs
The formation of PCDDs and PCDFs from solid waste incin-
eration facilities or from the fires of waste landfills is a well-
documented phenomenon (Ruokojarvi et al. 1995;
Vassiliadou et al. 2009; Sam-Cwan et al. 2013; Pandelova
et al. 2006).
According to main results reported in the so-called
BEuropean Dioxin Emission Inventory ,^ the composition
of wastes and the constructive characteristics or the age of
Table 8 Total PCDDs and PCDFs contents reported as∑PCDDs and PCDFs and as the toxic equivalent (TEQ) concentration, in the area adjacent the
Bellolampo (Palermo) landfill
Bellolampo (Palermo)
1st campaign SUMMER 2014 2nd campaign AUTUMN 2014 3rd campaign SPRING 2015
∑ PCDD/PCDF
(μg L1)
∑TEQ 17 PCDD/PCDF
(μg L1)
∑ PCDD/PCDF
(μg L1)
∑TEQ 17 PCDD/PCDF
(μg L1)
∑ PCDD/PCDF
(μg L1)
∑TEQ 17 PCDD/PCDF
(μg L1)
PA1 * * * * 9.2 × 10−6 1.4 × 10−7
PA2 ND ND 1.4 × 10−5 1.1 × 10−7 1.7 × 10−5 1.7 × 10−7
PA3 ND ND 2.0 × 10−6 3.0 × 10−8 4.3 × 10−5 1.9 × 10−6
PA4 ND ND 1.0 × 10−6 3.0 × 10−10 8.6 × 10−7 8.6 × 10−8
PA5 ND ND 1.0 × 10−6 3.2 × 10−10 9.0 × 10−6 1.3 × 10−6
PA6 * * 3.8 × 10−6 4.0 × 10−7 1.0 × 10−5 1.0 × 10−7
PA7 * * * * ND ND
PA8 ND ND 2.0 × 10−6 3.0 10−7 ND ND
PA9 * * * * ND ND
ND indicates a sample concentration below the LOQ
*Indicates a sample not monitored
Table 9 Total PCDDs and PCDFs contents reported as∑PCDDs and PCDFs and as the toxic equivalent (TEQ) concentration, in the area adjacent the
Siculiana (Agrigento) landfill
Siculiana (Agrigento)
1st campaign SUMMER 2014 2nd campaign AUTUMN 2014 3rd campaign SPRING 2015
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
SI1 ND ND 2.0 × 10−6 6.0 × 10−10 ND ND
SI2 ND ND * * * *
SI 3 ND ND 8.1 × 10−6 1.1 × 10−7 ND ND
SI 4 ND ND * * ND ND
SI 5 ND ND 8.0 × 10−6 7.3 × 10−7 1.6 × 10−6 ND
SI 6 ND ND 4.0 × 10−6 4.0 × 10−8 ND ND
SI 7 ND ND 5.9 × 10−6 5.9 × 10−7 ND ND
SI 8 ND ND 5.6 × 10−7 1.0 × 10−7 1.2 × 10−5 3.6 × 10−9
SI 9 ND ND * * * *
SI 10 ND ND 3.0 × 10−6 9.0 × 10−10 ND ND
ND not detected indicates a sample concentration below the LOQ
*Indicates a sample not monitored
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municipal waste landfills strongly influence the content of
PCDDs and PCDFs in the neighbouring environment,
constituting an important potential source of emission of
these compounds (Quaas et al. 2000). As for PCBs, their
distribution and dispersion in the environment take place
through air, water, soils and sediments, and in particular,
their concentration in water is related to the sewage re-
lease. Human exposure to PCDDs and PCDFs has been
related with injure to the liver and immune system, as
well as undesirable action on reproduction and risk of
cancer. In the landfills, there are the favourable conditions
to promote their formation and accumulation and the
leachate represents the medium where PCDDs and
PCDFs are expected with the highest concentration.
In our findings, the total PCDDs and PCDFs content
varied considerably both between the different landfill
areas in the same campaign and in the same area in dif-
ferent campaigns.
In the area adjacent the Palermo landfill, during the
first monitoring campaign, PCDD and PCDF concentra-
tion was lower than the MDL (1.0 × 10−5 μg L−1) in all
the samples. In the second campaign, the least toxic con-
geners were found almost exclusively (hepta- and
octachlor-dioxins and furans). During the third monitoring
campaign, the same congeners, accompanied by
hexachlor-dioxins and furans, were found in all the sta-
tions excepted PA7, PA8 and PA 9 (Table 8).
In the autumn campaign, in three Siculiana stations (SI3,
SI5 and SI7), the sum of the concentrations of the 17 conge-
ners (∑PCDDs/Fs) was higher than the legal limit
(4.0 × 10−6 μg L−1, Italian Legislative Decree 30/2009;
Ministerial Decree 260/2010). In the spring 2015 campaign,
SI5 and SI8 stations were also found exceeding the legal
threshold (Table 9).
ND indicates a sample concentration below the LOQ
*Indicates a sample not monitored
As concerns the Ragusa summer 2014 campaign, four
stations (RG5, RG6, RG7 and RG9) showed the ∑PCDDs
and PCDFs higher than the legal limit (Table 10). In the
autumn campaign, RG3, RG4, RG5 and RG6 stations
showed the highest concentrations. In the last campaign,
all the samples were in accordance with the Italian law
except for RG9 station.
Even though several stations showed ∑PCDDs and
PCDFs exceeding the legal prescription, it must be taken
into account that the intrinsic toxicity of different PCDDs
PCDFs congeners is significantly different. World Health
Organization (WHO) recommendation is to refer to toxicity
equivalency factor (ITEF), which estimates the risk associ-
ated with exposures to complex mixtures of PCDDs and
PCDFs referring the overall toxicity of the mixture to the
most toxic congener, the 2,3,7,8-tetrachlorodibenzo-p-dioxin
(2,3,7,8-TCDD). A TEF equal to 1 has been assigned to this
congener, while to the other 28 congeners, a corresponding
TEF value (which generally ranges from 1.0 × 10−5 to 1) is
assigned based on their toxicity relative to the toxicity of
2,3,7,8-TCDD. The toxic equivalent (TEQ) concentration
is calculated by summing the multiplication of congener
concentrations with congener-specific TEFs (Van den Berg
et al. 2006). Many countries, including Italy (Kutz et al.
1990; Hickox and Denton 2003), use the TEQ approach
for risk assessment and management. In TEQ terms, all of
Table 10 Total PCDDs/F contents reported as ∑PCDDs/Fs and as the toxic equivalent (TEQ) concentration, in the area adjacent the Cava dei
Modicani (Ragusa) landfill
Cava dei Modicani (Ragusa)
1st campaign SUMMER 2014 2nd campaign AUTUMN 2014 3rd campaign SPRING 2015
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
∑ PCDD/PCDF
(μg L−1)
∑TEQ 17 PCDD/PCDF
(μg L−1)
RG1 ND ND ND ND ND ND
RG2 ND ND ND ND ND ND
RG3 ND ND 1.2 10−5 1.2 10−7 * *
RG4 ND ND 3.3 10−5 3.3 10−7 ND ND
RG5 5.2 10−6 5.2 10−9 5.2 10−5 3.6 10−7 ND ND
RG6 1.5 10−5 3.3 10−7 4.9 10−5 4.0 10−6 ND ND
RG7 2.5 10−5 2.5 10−8 ND ND ND ND
RG8 ND ND 3.9 10−6 3.9 10−7 ND ND
RG9 2.0 10−5 2.0 10−8 ND ND 1.0 10−5 1.0 10−6
RG10 ND ND ND ND * *
ND not detected indicates a sample concentration below the LOQ
*Indicates a sample not monitored
Environ Sci Pollut Res
Author's personal copy
the samples of the three sicilian landifills resulted well be-
low the normative threshold limits (4.0 × 10−6 μg L−1) (Van
den Berg et al. 2006).
The concentrations of PCDDs and PCDFs in the landfill areas
seem not to be directly influenced by waste depositions. A sim-
ilar trend has been recently reported by Gworek et al. (2013).
Conclusions
In this study, a qualitative and quantitative control of groundwater
in areas surrounding three Sicilian solid waste landfills was car-
ried out. The landfills were featured by high permeability geo-
logical structures, which make them highly vulnerable. Indeed,
pollution of groundwater in proximity of waste landfills might be
facilitated in case of leachate loss. This risk is high in the areas of
Palermo and Ragusa and medium in the Siculiana area. PAHs,
VOCs, PCBs, PCDDs and PCDFs were chosen as indicators of
potential contamination processes caused by landfills.
PAHs levels do not seem particularly alarming and their
low concentration appears not to be related with the presence
of the landfills, indeed almost all PAHs showed a petrogenic
origin. Different VOC levels were recorded and may reflect
the different vulnerability of the studied areas. VOC levels
were lower in Siculiana (alluvial aquifer, medium vulnerabil-
ity) than in Palermo and Ragusa (karst aquifer, high vulnera-
bility). The area differences in the other pollutant levels are far
less explainable by the aquifer vulnerability and are probably
better linked to local pollutant charge. As regards PCBs, a
certain seasonal variability was observed. In particular, their
concentration tends to rise during the rainiest season, probably
indicating a surface infiltration of the pollutants. A similar
trend with the same seasonal variability was found for
PCDD and PCDF concentrations. For these pollutants, several
samples showed levels higher than the legal limits, even
though in terms of TEQ, this aspect is scaled downwell below
any reasonable concern.
That said, even if the levels of the anthropogenic
micropollutants could not be unequivocally related to land-
fill’s pollution, they are still an evidence of the environmental
impact of the human activities in the monitored areas.
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